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The thermal performance of a heat exchanger is important for the potential application in
an integrated solar cell/module and thermoelectric generator (TEG) system. Usually, the
thermal performance of a heat exchanger for TEGs is analysed by using 1D heat con-
duction theory which ignores the detailed phenomena associated with thermo-hy-
draulics. In this paper, thermal and momentum transports in two different heat ex-
changers are simulated by means of a steady-state, 3D turbulent flow k-ε model with a
heat conduction module under various flow rates. In order to simulate the actual working
conditions of the heat exchangers, a hot block with an electric heater is included in the
model. The TEG module is simplified by using a 1D heat conduction theory, so its thermal
performance is equivalent to a real TEG. Natural convection effects on the outside surfaces
of the computational domains are considered. Computational models and methods used
are validated under transient thermal and electrical experimental conditions of a TEG. The
two heat exchangers designed in this paper have better thermal performance than an
existing heat exchanger for TEGs. More importantly, the fin heat exchanger is more
compact and efficient than the tube heat exchanger.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
The thermal performance of a heat exchanger, which is important for an integrated solar cell/module and thermoelectric
generator (TEG) system, has been paid little attention to date. From a comprehensive literature review, it is found that the
performance analysis of a heat exchanger for TEG application is usually done by using a simple 1D heat conduction theory.
For example, free convection heat transfer and heat conduction in a flat-plate heat exchanger of TEG for an ocean thermal
energy conversion (OTEC) system was analysed by Henderson [1] with a 1D heat transfer theory. Consequently, the heat
exchanger-TEG system performance was investigated and a relationship between the TEG element area-to-length ratio and
the temperature difference across the TEG and resulting electric power generation was obtained. Likewise, the thermal
performance of a parallel-plate heat exchanger was calculated by Yu and Zhao [2]. As a result of this, the TEG performanceer Ltd. This is an open access article under the CC BY license
W. Li), Manosh.Paul@Glasgow.ac.uk (M.C. Paul).
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further by means of a parametric study. Again by employing a basic 1D heat transfer model, three types of heat exchanger
such as spiral, zig-zag and straight fin geometries for the TEG's cold and hot sides were investigated by Esarte et al. [3]. The
overall heat transfer coefficient for the heat exchanger-TEG system was found to be 2.07 W/°C, 2.094 W/°C and 1.72 W/°C,
respectively. Particularly, for the spiral heat exchanger, experiments were carried out to confirm the analytical temperature
difference across the TEG module at varying water flow rate. As evidenced, this 1D simulation method may provide useful
information but clearly ignores the effects associated with combined thermal and hydraulic occurrences within systems.
Recently, computational fluid dynamics (CFD) methodology has been applied to characterise the thermal performance of
various heat exchangers such as plate, shell and tube, vertical mantle, compact and printed circuit board exchangers and
also to optimize their design configurations (e.g. see Bhutta et al. [4]). It was pointed out that CFD has emerged as a cost
effective tool to speed up the investigation of various heat exchanger designs as well as their hydraulic and thermal per-
formances. It has also been noticed that the k-ε turbulence model has been extensively employed and an accuracy of 2–10%
has generally been achieved against experimental data [4]. For example, a plate heat exchanger with undulated surfaces was
optimized with a CFD package, ANSYS CFX 10.0, as well as with a response surface method conducted by Kanaris et al. [5].
Their chosen computational model was a 3D narrowed channel with inclined triangular undulations in herringbone pattern.
The design variables included a blockage ratio, channel aspect ratio, corrugation aspect ratio, angle of attack and Reynolds
number. The objective function was a linear combination function of heat transfer augmentation and pressure drop.
A method was also developed by Karmo et al. [6] to design an effective finned heat exchanger. The tube cross-sectional and
longitudinal shapes were changed so that the angle between the fins and the tubes was on longer orthogonal. Various config-
urations were analysed using the CFD code, Fluent, to identify an optimal design. Recently, elliptical finned-tube heat exchanger
thermal-hydraulic performance was optimized by using Fluent and response surface method based on seven design variables
proposed by Sun and Zhang [7]. It was found out that a slightly increased axis ratio of elliptical tube section can improve the
thermal-hydraulic performance at a higher air velocity outside the tubes or lower water flow rate in the tubes.
However, the literature also suggests that the CFD analysis leading to design and performance optimization of heat exchanger
for TEGs is very limited. A hybrid TEG/thermal system with a radiation concentrator was proposed recently by Urbiola and
Vorobiev [8]. An optimal configuration of the flat plate heat exchanger placed in the cold side of TEG was identified by using
COMSOL Multiphysics software, and results showing the thermal energy stored in cooling water around 50 °C at midday. Most
recently, TEGs and heat exchangers have been simulated by Sarhadi et al. [9] with the same software (COMSOL) and particularly
the TEG arrangements layouts were investigated. The TEGs are considered to be a solid body, and the oil flows in the exchanges
are considered to be laminar. Thermal contact resistance is also included in the interfaces between the TEGs and exchangers.
However, the cooling oil flow rate is assumed to be distributed uniformly from one finned cannel to another.
In this contribution, the thermal performance of two heat exchangers on the cold side of a TEG is studied by means of
ANSYS 15.0 CFX to identify their optimal configuration. The computational model includes a hot block-electrical heater, a
TEG, a cold block-heat exchanger which maintains the TEG cold side to be in lower temperature. Since CFX is unable to deal
with electrical modelling, the real TEG is represented by a thermal equivalent TEG with the same geometrical size. The
heater is subject to the highest temperature, and cooling water at the exchanger inlet is kept at 19 °C. Natural convection
effects on the outside surfaces of the computational domains due to environmental effects are considered. Water flow in the
heat exchangers is turbulent, so turbulent eddy shear stresses are modelled by means of a k-ε turbulence model.2. Computational models and methods
2.1. Computational models
Two heat exchangers are designed, one is a tube exchanger and the other is a fin exchanger, as shown in Fig. 1. Obviously,
the fin heat exchanger is more compact than the tube exchanger. The heat exchanger is firmly attached to the top surface of
a TEG by a pressure load. The water flow in the exchanger absorbs the heat discharged by the TEG when it generates electric
power. The TEG is heated underneath through its substrate by an electrical heater inside the hot block. As a result, the
interface between the exchanger and the TEG is kept at a lower temperature, but the interface between the hot block and
the TEG is at a higher temperature. Eventually, a temperature difference is established between both sides of the TEG and
electrical power is generated. To deal with an uneven distribution of temperature on the interfaces between the TEG and
both the hot block and heat exchanger, three components must be considered simultaneously in a heat transfer simulation.
The TEG structure is simplified to a solid structure so as to make the heat transfer analysis easy, see Fig. 2. This simplified
structure keeps its thermal behaviour being equivalent to the TEG based on a 1D heat conduction theory illustrated by
Incropera et al. [10]. In the simplification, a few assumptions are made: (1) the materials of each component of the TEG are
homogenous and their thermal resistance, heat specific capacity and density are constant and independent of temperature;
(2) the thermal contact effect inside the TEG and on the interfaces between both the heater and heat exchanger and the TEG
are negligible; (3) the effects of the air inside the TEG on the free heat convection and the equivalent density of the TEG are
not taken into account. The heat conductivity of the copper straps is two-orders of magnitude larger than those of the legs
and substrates, thus the heat resistance in the copper straps is also ignored. Additionally, the copper straps are as thin as
0.2 mm, so their contribution to the equivalent density of the TEG is excluded.
Heat exchanger 
Heater 
Hot block 
TEG 
(b) 
Cooling water 
Heater
Cooling water 
Heat exchanger
(a) 
Hot block 
TEG
Fig. 1. Design of two heat exchangers for TEG, (a) tube exchanger (b) finned heat exchanger.
3.5mm
Fig. 2. TEG (left) and its thermal equivalent counterpart (right).
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counterpart of the TEG. The equivalent density of the TEG,
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where A1 is the area of the ceramic substrates/plates, 4040 mm2; A2 is the area of the legs, 1.41.4 mm2; cp1 is the specific
heat capacity of the substrates, 419 J/(kg K); cp2 is the specific heat capacity of the legs, 200 J/(kg K); cp eq, is the equivalent
specific heat capacity of the TEG, 55.36 J/(kg K); h1 is the total thickness of the TEG, 3.5 mm; h2 is the length of the legs in the
TEG, 1.8 mm; k1 is the thermal conductivity of the substrates in the TEG, 31 W/(m K); k2 is the thermal conductivity of the
legs in the TEG, 1.6 W/(m K); keq is the equivalent thermal conductivity of the TEG, 0.4844 W/(m K);mis the total mass of the
TEG without copper straps, = +m m nm2 1 , kg; m1 is the mass of one substrate, ρ=m A h1 1 1 1, kg; m2 is the mass of total legs,
ρ=m n A h2 2 2 2, kg; n is the number of legs in the TEG; ρ1 is the density of substrate, 3220 kg/m
3; ρ2 is the density of legs,
7440 kg/m3; and ρeq is the equivalent density of the TEG, 2343.55 kg/m
3.
The thermal property constants of hot block, heat exchanger and cooling water that will be used in the heat transfer
simulation have been listed in Table 1, including those of the equivalent TEG.
Since a steady-state thermal performance of heat transfer is investigated here, only the steady heat transfer and water
flow, i.e. a conjugate heat transfer is simulated. The governing equations of the heat transfer simulation include the steady-
state conservation equations of energy in the solid and fluid domains and the Navier-Stokes equations in the fluid domain.
The cooling water flow is steady-state but 3D and turbulent. So, the standard k-ε turbulence model is chosen to handle
turbulent shear stresses. A scalable wall function is adopted to treat the near wall boundary layer effect. The detailed
information about these governing equations, flow model and wall function can be found in ANSYS [11].
Table 1
Thermal properties of components of heat exchangers used in heat transfer simulation.
Component Material Density
(kg/m3)
Specific
heat ca-
pacity (J/
(kg K))
Thermal con-
ductivityk (W/
(m K))
Hot block Copper 8300 385 401
Heat ex-
changer
Cooling water 25 °C water 997.05 4.18 0.58
Equivalent
TEG
Combination
of ceramic
and Bi2Te3
2343.55 55.36 0.4844
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The computational domains include the solid domains (hot block, heat exchanger case, fins, inlet and outlet pipes and
TEG) and the fluid domain (cooling water). At first, the computational geometrical models are generated in SolidWorkss
and then read by the ANSYS Design Modeler. Subsequently, the geometrical models are meshed using the ANSYS mesh
generator. The number of mesh cells used in the tube exchanger and in the fin exchanger are 1.66 and 2.22 million, re-
spectively, see Fig. 3(a) and (b). A tetrahedral mesh is generated in the solid domains of the heat exchanger and the hot block
as well as in the fluid domains, however a hexahedral mesh is created in the solid domain of the TEG. Due to the differenceFig. 3. Mesh patterns of two heat exchangers and isolated fluid domain, (a) tube exchanger, (b) fin exchanger, (c) fine mesh on isolated fluid domain,
(d) pressure drops predicted by using mesh shown in (b) and (c).
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for heat transfer analysis.
The minimum and maximum mesh sizes of the tetrahedral mesh in the complicated fluid domain of the fin exchanger
are 0.05 mm and 3 mm respectively, and the growth rate from the minimum size increasing to the maximum is 1.2. The
skewness of the mesh is in a range of 0–0.9 with a mean value of 0.26, while the orthogonal quality is in the range 0.13–0.99
with an average value of 0.84.
To identify the effects of mesh size on fluid flow, initially, the fluid domain is isolated and a fine mesh of 293 k cells is
generated, as shown in Fig. 3(c). The fluid flow in that domain alone is simulated at three different heater temperatures
(175 °C, 200 °C and 250 °C). The pressure drop across the domain is compared with those obtained with the mesh presented
in Fig. 3(b). It is shown that if the water flow rate through a heat exchanger is less than 10 L/min, the pressure drop
estimated with the two sets of mesh is nearly the same. The water flow rate for a TEG is usually considered to be within the
range of 0.5–4.5 L/min, so the mesh size chosen for the fluid domain seems reasonable from an engineering perspective.
Secondly, a series of heat transfer and fluid flow boundary conditions are specified on the solid and fluid domains
boundaries. At the entrance to the inlet tubes of the heat exchanger, an inlet velocity is applied, which has been calculated
from the givenwater flow rate in a range of 0.5–4.5 L/min. In [12], the experimental flow rate was 1.02 L/min, but it has been
extended here to cover a wide range of the flow rate e.g. 0.5–4.5 L/min. Note that there is an interface generated between
the water and the solid domain in the heat exchanger, so the heat flux across the interface is conserved simultaneously. No
slip velocity and hydraulic smooth boundary conditions are held on the wet walls. The temperature of water at the inlets of
the heat exchangers is kept constant at 19 °C.
In addition, the end surfaces of the inlet and outlet tubes are adiabatic. All the other surfaces exposed to air are subject to
free heat convection with a free heat transfer coefficient taken as 10 W/(m2 K) [10]. The five surfaces of the cavity ac-
commodating the electrical heater are assigned to be a constant temperature, namely 175 °C or 200 °C or 250 °C in the
simulations. These temperatures can result in 100 °C, 150 °C and 200 °C temperature differences across the TEG, respec-
tively, which are similar to those used in the experiments in [13] and [12]. The four side surfaces, bottom of the hot block are
insulated and the ambient temperature is 19 °C [12]. Radiative transfer from the heat exchanger, TEG and hot block to the air
is not taken into account as the effect is deemed to be negligible.
Finally, the heat transfer analyses in two heat exchangers are launched in ANSYS 15.0 CFX by means of a 3D, steady-state,
turbulent flow model with heat conduction module under various flow rates. A high resolution advection scheme and a
second-order diffusion scheme are adopted. The root mean squared tolerance residuals for convergence are specified to be
1105.3. Results and discussion
3.1. Validation
At first, the physical model and numerical methods are validated using the experimental data in [12], in which a series of
experimental data of the electric performance for a TEG were presented when the heater was subject to transient and steady
temperatures, respectively. The experimental setup is illustrated in Fig. 4(a), and further, details are given in [13].
We have carried out a transient heat transfer simulation in CFX when the heater and water at the tube heat exchanger
inlet are subject to the measured temperature profiles, as shown in Fig. 4(b), and the water is subject to 1.02 L/s flow rate. In
the simulation, the material properties in Table 1, geometrical model, thermal and fluid flow models and the numerical
methods in Section 2 are used, but the steady fluid flow models are switched to the transient ones. Two monitoring points
are arranged each at the geometrical centre of the interface between the TEG cold side, and the centre of the interface
between the TEG and the hot block to record the transient temperature profiles in the interfaces. Further, an additional three
points are set at the outlet cross-section centre of the three tubes in the exchangers to show the temperature of water at the
three outlet tube exits.
The temperature predicted on the cold side of the TEG is shown in Fig. 4(c). The predicted temperature follows the heater
temperature history very closely. The difference between the prediction and measurement varies in the range of 0.5–2 °C,
suggesting the computational models and methods used are feasible for simulating the thermal fluid dynamics in the heat
exchanger. The maximum error occurs in 3000–3400 s time intervals where the electrical current applied is reduced and
increased rapidly, see Fig. 5. This rapid change in the current can alter the Joule heat generated in the TEG legs significantly.
The enlarged Joule heat at a higher current will raise the cooling water temperature.
The temperature of water at the three outlets of the heat exchanger is compared with those at the two outlets measured
in Fig. 4(d). The temperatures at the three outlet tubes obtained by CFX are very close to each other and they are averaged
and plotted for the two heat exchangers. The experimental temperature was slightly noisy after 1500 s because there was a
rapid change in the TEG electric current applied. In general, the error in the water temperature between the prediction and
the measurement is less 0.5 °C. The temperature of the TEG cold side is around 10 °C higher than the cooling water at the
exchange inlet, indicting the performance of the tube heat exchanger is less efficient.
In addition, the same thermal transient analysis is conducted on the fin heat exchanger and the corresponding results are
presented in Fig. 4(c) and (d). It is seen that the TEG cold side temperature is only 2 °C higher than that of the cooling water
Fig. 4. Experimental setup, given temperature profiles and predicted temperature curves, (a) photo of setup, (b) input temperature, (c) predicted tem-
perature on the cold side of TEG, (d) predicted temperature of water at the outlet of heat exchanger.
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temperature compared with the tube exchanger.
In the next sections, we will focus on the steady thermal fluid dynamics and performance of the two heat exchangers
under a variable cooling water flow rate while keeping the heater at a constant temperature.
3.2. Thermal and hydraulic performance
The change in temperature difference between the water at the inlet of the exchanger and the TEG cold side surface, and
the pressure drop across the two heat exchangers are illustrated in Fig. 6. The heater is subject to 175 °C temperature. The
two exchangers share nearly the same pressure drop. However, the temperature rise in the fin exchanger is less than that in
the tube exchanger, especially at a flow rate lower than 2 L/min. This is not surprising because the area of the interface
between the water and solid walls for exchanging heat in the fin exchanger is 30.6 times larger than that in the tube
exchanger.
The specific temperature difference/rise, i.e. the temperature rise per Watt is illustrated in Fig. 7(a), represents the
thermal resistance of the heat exchanger. Thus the lower the specific temperature rise on the cold side, the better the
thermal performance and the more the heat is taken away by the cooling water. Further, the specific temperature rise
remains unchanged when the temperature of the heater is either 175 °C, 200 °C or 250 °C. The reason for this is that the
Fig. 5. Electrical current time history applied in TEG performance characterising experiments conducted by Montecucco and Knox [12].
Fig. 6. Temperature rise and pressure drop across the heat exchangers, (a) temperature rise, (b) pressure drop.
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specific temperature difference/rise on the cold side is an important thermal performance variable. By using it the tem-
perature on the cold side of a TEG can be predicted based on the electrical power generated by the TEG.
In Esarte et al. [3], the overall heat transfer coefficients of a heat exchanger-TEG system were reported as 2.07, 2.094 and
1.72 W/°C for spiral, zig-zag and straight fin heat exchangers. This suggests that the thermal resistances of these exchangers
are 0.483, 0.478 and 0.581 °C/W respectively. These values are larger than the thermal resistances shown in Fig. 7. Thus the
two heat exchangers designed by the authors, especially the fin exchanger, are better than these three heat exchangers in
terms of the thermal performance.
According to [12], the cooling water flow rate is 1.02 L/min (17 g/s) for the tube heat exchanger. Obviously, this flow rate
may be improper because it can result in a 4.5 °C temperature rise, see Fig. 6(a). Thus the results suggest that the optimal
working flow rate should be 2 L/min to get a smaller temperature rise and pressure drop for the fin heat exchanger, because
when the flow rate is beyond 3 L/min, the pressure drop increases rapidly.
3.3. Temperature and flow patterns
The temperature contours on the TEG complete system are shown in Fig. 8 for both heat exchangers when the heater is
Fig. 7. Specific temperature rise across the two heat exchangers.
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perature heat source and the lowest temperature heat sink, with a very large temperature gradient across the TEG itself. The
two heat exchangers are able to maintain a low heat sink temperature to establish a temperature difference across the TEG,
generating electricity. A similar temperature contour is found with other heater temperatures and water flow rates.
The temperature contours on the cooling water surfaces and cold side of TEG are shown in Fig. 9 when the heater is at
175 °C temperature and the cooling water is running at 2.26 L/min flow rate. Clearly, the fin exchanger is subject to a lower
and more uniform temperature profile compared with the tube exchanger.
For the fin heat exchanger, the temperature of cooling water at various flow rates and heater temperatures is shown in
Fig. 10. The highest temperature reduction occurs with increasing flow rate and lowering heater temperature. Its position is
slightly downstream and off the heat exchanger centre.Fig. 8. Temperature contours on the whole TEG systemwhen the heater is at 250 °C temperature and the cooling water is flowing at 2.26 L/min flow rate in
two heat exchangers, (a) tube exchanger, (b) fin exchanger.
Fig. 9. Temperature contours on cooling water surfaces and TEG cold side of both heat exchangers at 175 °C temperature in the heater and 2.26 L/min
cooling water flow rate, (a) tube exchanger, (b) fin exchanger.
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Fig. 11. The streamlines are still regular in the fin heat exchanger eventhough there are vortices in the forward-facing step at
the entry of an outlet pipe. In fact, when the flow rate is as low as 1.02 L/min, the vortex pattern is established as shown in
Fig. 12. To eliminate the unwanted vortex pattern, the geometrical shape of the entry to the outlet pipe of the fin heat
exchanger needs to be improved.Fig. 10. Temperature of cooling water in fin heat exchanger at various flow rates and heater temperatures, (a) 200 °C and 2.26 L/min, (b) 200 °C and 9.05 L/
min, (c) 250 °C and 2.26 L/min, (d) 250 °C and 9.05 L/min.
Fig. 11. Streamlines in both heat exchangers at 175 °C temperature in the heater and 2.26 L/min cooling water flow rate, (a) tube exchanger, (b) fin
exchanger.
Vortex 
Primary flow direction 
Fig. 12. Streamlines in fin heat exchange at 250 °C temperature in the heater and 1.02 L/min (Re¼767) cooling water flow rate.
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The Reynolds number of the two heat exchangers depends on the cooling water flow rate when the cooling water
density and viscosity are fixed. Fig. 13 illustrates the Reynolds number of the two exchangers, which is plotted as a function
of the flow rate. The Reynolds number is defined based on the water inlet velocity, tube inner diameter and water viscosity
at 19 °C as,Fig. 13. Reynolds number of inlet tube of two heat exchangers is terms of flow rate (a) and the specific temperature rise is as a function of Reynolds number
in tube heat exchanger based on turbulent and laminar flow models, respectively (b).
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where d is the inner diameter of an inlet tube, 10 mm, Q and ν are the flow rate of water and its kinetic viscosity at 19 °C
respectively.
For the fin heat exchanger, this number may not represent the true Reynolds number. This is due to uneven flow in the
fin heat exchanger between fin channel, and it is out-with the scope of this work define such a Reynolds number inside the
exchanger. However, if we assume that the flow is uniformly distributed in various fin channels, then the apparent Reynolds
number can be defined and evaluated. In this context, the apparent Reynolds number of a fin heat exchange is written as
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where h is the height of fins, 10 mm, s is the space between two neighboring fins, 1 mm and n is the number of fins, 46. Since
hcs, + ≈h s h, the apparent Reynolds number is approximated by the following
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The ratio of the two Reynolds numbers is expressed by the following equation
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This therefore implies that the tube Reynolds number is 30 times the apparent Reynolds number of the fin heat
exchanger.
It is also seen that when the flow rate is less than 2.0 L/min the Reynolds number is less than 2000, indicating the flow
regime in the two exchangers may be laminar. Unfortunately, if the flow model is switched to the laminar one, the specific
temperature rise does not seem to be reasonable, see Fig. 13(b). Thus the turbulent flow model is applied in all the heat
transfer simulations.
In the heat transfer simulations, the cooling water physical property is constant. To identify the effects of variable
property on the heat transfer and pressure drop, the cooling water property constants are correlated with the water
temperature and implemented accordingly in the simulations. Because the cooling water temperature rise is less than 10 °C,
the effects of the property constants on pressure drop and specific temperature rise are negligible.
Even though the fin heat exchanger has exhibited much better thermal performance over the tube heat exchanger, the
former is subject to an expensive manufacturing cost. It is advised that cheaper manufacturing methods for the fin heat
exchanger are found.
Also noted is that the fin heat exchanger is not as rigid as the tube heat exchanger because the fin exchanger is like a
hollow structure. To evaluate the deformation of the fin exchanger under a compression of a load, a finite element analysis is
desirable. Otherwise, a new method to firmly attach the TEG to the heat exchanger needs to be developed.4. Conclusion
The thermal parameters (heat transfer and fluid flow) were investigated and compared in both tube and fin heat ex-
changers using ANSYS CFX 15.0 under the same working conditions. Several issues such as the Reynolds number and effects
of variable water property on the specific temperature rise have been discussed. The two heat exchangers exhibit a better
thermal performance compared with the existing correlation of heat exchangers for TEG applications. Furthermore, the fin
heat exchanger is more compact and thus has a better thermal performance than the tube heat exchanger. The fin heat
exchanger exhibits vortex structure in the entrance to the outlet pipes. The laminar and turbulent models can result in
different specific temperature rises at low Reynolds number. For further confirmation, deformation of the fin heat exchanger
is needed to analyse under a compressive load by finite element analysis. Cheaper techniques for manufacturing fin ex-
changers are worth further investigation. Alternative methods for connecting TEG and the fin heat exchanger should also be
considered. Further validation of heat transfer experiments on two kinds of heat exchangers are also desirable.Acknowledgement
The work is supported by EPSRC SUPERGEN Solar Challenge with Grant: EP/K022156/1 - Scalable Solar Thermoelectrics
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